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ABSTRACT
In the ﬁrst of a new series of papers on open cluster distances, we use updated stellar evolution models to
construct an isochrone appropriate for the Hyades and compare it with the Hyades eclipsing binary system
VB 22. We ﬁnd that the absolute and relative luminosities of the two stars are in good agreement with the
model but that the radii do not match the values inferred from eclipse data. We present evidence that there is
a consistency problem with the ﬂux ratios and the inferred radii and discuss possible theoretical eﬀects that
could be responsible for the mismatch in the radii. We derive a helium abundance for the Hyades of
Y ¼ 0:271 0:006, which is equal within the errors to the Sun’s initial helium abundance, even though the
Hyades is considerably more metal-rich.
Subject headings: binaries: eclipsing — open clusters and associations: individual (Hyades) —
stars: abundances — stars: distances
1. INTRODUCTION
The distances to Milky Way star clusters as derived from
main-sequence ﬁtting play a critical role in unraveling the
history of the Galaxy and, via luminosity calibration of pul-
sating variables, in ﬁnding distances throughout the Local
Group. Parallaxes from the Hipparcos satellite have pro-
vided precise measurements of the distances to the nearest
open clusters, particularly the Hyades (Perryman et al.
1998), allowing stringent tests of the predictions of stellar
evolutionary models (e.g., Lebreton, Fernandes, & Lejeune
2001).
To go beyond the handful of clusters with trigonometric
parallaxes (e.g., van Leeuwen 1999; Robichon et al. 1999;
Makarov 2002) requires isochrones that are physically accu-
rate and well calibrated over a wide range of temperature,
ideally all along the main sequence. As is well known this is
a nontrivial exercise, since the luminosity of the main
sequence is a sensitive function of helium abundance and
metallicity. Radii from stellar models depend on the
treatment of convection, for which only simple phenomeno-
logical theories are available. Photometric colors and bolo-
metric corrections are often poorly determined, especially
for stars much hotter or cooler than the Sun, and are highly
dependent on the details of model atmospheres employed in
the computation of the isochrones. Rapidly rotating stars
typically have large spots and chromospheric emission, not
modeled in the computation of the isochrones, which could
aﬀect their colors especially in the blue and ultraviolet (van
Leeuwen, Alphenaar, &Meys 1987; Stauﬀer et al. 2003). As
a result of some or all these eﬀects, it is typically the case that
even the best isochrones do not match the detailed shape
of the main sequence as determined from photometry
(Terndrup et al. 2000; Castellani, Degl’Innocenti, & Prada
Moroni 2001; Lebreton et al. 2001).
Despite the complexity of the problem, it is now possible
to determine more accurate absolute and relative distances
to open clusters. Helioseismology has given us reliable
measures of many parameters that directly or indirectly
aﬀect the radius, including the helium abundance, the
amount of helium diﬀusion, and opacities in the convective
zone (e.g., Bahcall, Pinsonneault, & Basu 2001). Hipparcos
parallaxes in the Hyades (Perryman et al. 1998; de Bruijne,
Hoogerwerf, & de Zeeuw 2001) and of nearby ﬁeld stars
(Jimenez et al. 2003; Percival, Salaris, & Kilkenny 2003) can
potentially provide the means of empirically correcting the
isochrone color-temperature relation.
In addition, eclipsing binary stars provide a powerful test
of the theory of stellar structure and evolution, particularly
the mass/luminosity relation. This is especially true of sys-
tems in star clusters, where there are additional constraints
on the age and abundances of the stars. As summarized by
Lebreton et al. (2001), the Hyades cluster has ﬁve binaries
where the components have measured masses. Of these sys-
tems only VB 22 has masses with a small enough uncertainty
to place powerful constraints on the theoretical models; we
therefore focus on VB 22 (= 818 Tau, HD 27130). In this
system, the relative magnitudes of VB 22A and VB 22B have
been measured in several colors and the absolute radii have
been inferred.
We use VB 22 as a test of both the absolute luminosities
and eﬀective temperatures of our models. We contend that
the agreement in luminosity that we obtain justiﬁes the
construction of an empirical isochrone where the colors as a
function of MV are adjusted to reproduce the morphology
of the Hyades color-magnitude diagram. In addition, we
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show that the absolute magnitudes of the two components
in the B, V, and I bands provide support for the relative
model luminosities and eﬀective temperatures, even though
the direct radii inferred from the binaries are not in agree-
ment with the models. This step justiﬁes holding the model
eﬀective temperatures ﬁxed and varying the color calibra-
tions when constructing the empirical isochrone, the details
of which are discussed in the second paper in this series.
Finally, we examine the question of the Hyades helium
abundance and the ratio DY=DZ appropriate for chemical
evolution of solar-neighborhood stars.
The VB 22 system has been studied extensively since
McClure (1982) ﬁrst used it to determine the distance to the
Hyades and to constrain the mass-luminosity relationship.
The most recent papers (Lastennet et al. 1999; Lebreton
et al. 2001; Torres & Ribas 2002) have yielded somewhat
discordant results. Lebreton et al. (2001) claim evidence for
a low helium abundance, while Lastennet et al. (1999) and
Torres & Ribas (2002) ﬁnd that the luminosities of the mod-
els are consistent with the data if the Hipparcos distance is
adopted. All authors note the apparent contradiction
between the radii of theoretical models and those obtained
from the eclipse data. In light of these results we believe that
a careful analysis of the data and the theoretical models is
warranted, with particular attention to the errors involved.
2. AN ISOCHRONE FOR THE HYADES
We begin with a new set of theoretical models described
in detail by Sills, Pinsonneault, & Terndrup (2000). The
essential aspects of these models are repeated here for the
reader’s convenience.
We used the Yale Rotating Evolution Code (YREC) to
construct evolutionary tracks over the mass range 0:25 
ðM=MÞ  2:25. YREC is a Henyey code that solves the
equations of stellar structure in one dimension (Guenther
et al. 1992) and that follows rotational evolution by treating
the star as a set of nested, rotationally deformed shells. For
this application, however, we used the code in its nonrotat-
ing mode; nonrotating stars of the age and masses consid-
ered here are structurally identical to those that are rotating
(e.g., Sills et al. 2000), and solarlike Hyades stars are slow
rotators (Radick et al. 1987; Paulson, Sneden, & Cochran
2003). The chemical composition of each shell is updated
separately using the nuclear reaction rates of Gruzinov &
Bahcall (1998). Composition changes due to microscopic
diﬀusion can be calculated. The initial chemical mixture is
the solar mixture of Grevesse & Noels (1993), and for the
Sun the models have a surface metallicity of Z ¼ 0:0176 at
the age of the solar system. We use the latest OPAL opac-
ities (Iglesias & Rogers 1996) for the interior of the
star down to temperatures of logT ðKÞ ¼ 4. For lower tem-
peratures, we use the molecular opacities of Alexander &
Ferguson (1994). For regions of the star with logT ðKÞ  6,
we used the OPAL equation of state (Rogers, Swenson, &
Iglesias 1996). For regions where logT ðKÞ  5:5, we used
the equation of state from Saumon, Chabrier, & Van Horn
(1995), which calculates particle densities for hydrogen and
helium, including partial dissociation and ionization by
both pressure and temperature. In the transition region
between these two temperatures, both formulations are
weighted with a ramp function and averaged. The equation
of state includes both radiation pressure and electron degen-
eracy pressure. For the surface boundary condition, we
experimented with several stellar atmosphere models as
described below. For our base case, we adopted Y ¼ 0:273
for the Hyades and ignored diﬀusion (details to follow) and
used the standard Bo¨hm-Vitense mixing-length theory
(Bo¨hm-Vitense 1958; Cox & Guili 1968) with  ¼ 1:72 to
match the solar radius (R ¼ 6:9598 108 m) and luminos-
ity (L ¼ 3:8515 1026 W) at the present age of the Sun
(4.57 Gyr).
The evolutionary tracks were generated for a Hyades
metallicity of ½Fe=H ¼ þ0:13 and scaled solar abundances
(Boesgaard & Friel 1990; Paulson et al. 2003). The tracks
were interpolated to form an isochrone for an adopted age
of 550 Myr, consistent with ages derived from models
excluding convective overshoot (Perryman et al. 1998).
Models with overshoot have ages 625 Myr, but since we
are dealing with relatively low mass stars, the comparison
with VB 22 is completely insensitive to the choice of cluster
age. The color-temperature relation in Lejeune, Cuisinier, &
Buser (1998) was used to generate preliminary colors1 from
the model parametersMbol and Teff . The resulting isochrone
is given as Table 1; the sensitivity of the colors to the choice
of color-temperature relation is discussed below. Note that
this isochrone is not empirically calibrated to match the
photometry of the Hyades main sequence, a necessary
procedure discussed at length in our next paper.
The principal theoretical uncertainties in the models are
the adopted mixture of heavy elements and the physics
chosen for the solar calibration, in particular whether
microscopic diﬀusion is included or not. In the Hyades, the
average iron abundance [Fe/H] is now determined to high
precision (0.01 dex), and the relative abundances are near
solar for most of the elements that contribute signiﬁcantly
to the internal opacities (Paulson et al. 2003). The choice of
model atmospheres and low-temperature opacities aﬀects
only the position in the H-R diagram for eﬀective tempera-
tures below 3500 K; similar comments apply to the equation
of state. The superb agreement between theory and data for
helioseismology provides some real conﬁdence in the accu-
racy of the ingredients of the models for stars similar to the
Sun, such as VB 22.
Although the eﬀects of microscopic diﬀusion do not mat-
ter for the Hyades themselves (the cluster is only 12% the
age of the Sun), they make a diﬀerence for the choice of a
calibrating solar model. The net eﬀect of diﬀusion is a grad-
ual decrease in the helium and heavy-element content in the
outer layers, with a smaller fractional rise in the central val-
ues of these quantities. Compared to models with a uniform
composition proﬁle, solar models including diﬀusion have a
higher overall helium abundance and require a higher value
of  to match the solar radius and luminosity.
The proper thing to do, therefore, would be to calibrate
the Hyades models using diﬀusion models for the Sun. For
our base case (the isochrone in Table 1), however, we
ignored this and instead used models that do not follow dif-
fusion and that are calibrated using models of the homo-
geneous Sun, even though these are incompatible with
seismology. The principal reason for this is that the eﬀect of
rotationally induced mixing, which diminishes the eﬀects of
diﬀusion, is diﬃcult to model for stars much hotter than the
Sun, where convection zones are very thin.
1 VI is on the Cousins system, while the VKs colors use the (short) K
band.
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For the base case, which we call the ‘‘ no diﬀusion ’’ mod-
els, we chose the helium abundance as illustrated in Figure
1. We assumed that the helium abundance is a function of
the heavy-element content Z as given by Y ¼ Yp þ ðDY=
DZÞZ, where Yp is the primordial helium abundance. We
took Yp ¼ 0:245 0:002, an intermediate value between
estimates from cosmic nucleosynthesis and measures in
metal-poor H ii regions (see Bono et al. 2002; Thuan &
Izotov 2002 and references therein). The solar helium abun-
dance in models lacking diﬀusion is Y ¼ 0:266 0:001;
these require a mixing length set by  ¼ 1:74. Adopting
these values of Yp, Y, and  yields Y ¼ 0:273 for the
Hyades using the Sun’s surface metal abundance of
Z ¼ 0:0176.
We also computed models using an alternative set of
parameters calibrated on solar models that include diﬀusion
TABLE 1
Theoretical Isochrone for the Hyades (Y ¼ 0:273,
½Fe=H ¼ þ0:13)
MV Teff M=M BV VIC VKs
1.07 ................ 8279 2.252 0.112 0.110 0.316
1.20 ................ 8270 2.192 0.116 0.112 0.320
1.35 ................ 8236 2.127 0.126 0.122 0.333
1.50 ................ 8158 2.062 0.143 0.141 0.360
1.65 ................ 8052 1.997 0.166 0.169 0.396
1.80 ................ 7942 1.934 0.191 0.200 0.436
1.95 ................ 7830 1.873 0.215 0.229 0.477
2.10 ................ 7706 1.815 0.241 0.254 0.520
2.25 ................ 7568 1.757 0.269 0.271 0.565
2.40 ................ 7423 1.702 0.295 0.286 0.611
2.55 ................ 7280 1.651 0.318 0.309 0.656
2.70 ................ 7139 1.603 0.340 0.339 0.703
2.85 ................ 7001 1.556 0.362 0.374 0.752
3.00 ................ 6871 1.511 0.385 0.408 0.807
3.15 ................ 6754 1.468 0.409 0.437 0.871
3.30 ................ 6650 1.426 0.433 0.462 0.938
3.45 ................ 6556 1.387 0.455 0.485 1.005
3.60 ................ 6466 1.350 0.476 0.507 1.070
3.75 ................ 6382 1.315 0.496 0.529 1.133
3.90 ................ 6300 1.281 0.515 0.550 1.193
4.05 ................ 6220 1.248 0.533 0.571 1.252
4.20 ................ 6141 1.217 0.552 0.593 1.312
4.35 ................ 6063 1.187 0.571 0.614 1.370
4.50 ................ 5982 1.157 0.590 0.637 1.422
4.65 ................ 5899 1.128 0.612 0.662 1.465
4.80 ................ 5815 1.099 0.635 0.687 1.509
4.95 ................ 5732 1.071 0.659 0.713 1.560
5.10 ................ 5648 1.045 0.686 0.740 1.623
5.25 ................ 5561 1.020 0.715 0.768 1.696
5.40 ................ 5471 0.995 0.746 0.794 1.775
5.55 ................ 5377 0.972 0.780 0.819 1.855
5.70 ................ 5279 0.949 0.816 0.842 1.933
5.85 ................ 5179 0.927 0.855 0.866 2.007
6.00 ................ 5080 0.906 0.895 0.890 2.081
6.15 ................ 4986 0.886 0.936 0.916 2.161
6.30 ................ 4898 0.867 0.977 0.946 2.248
6.45 ................ 4816 0.850 1.016 0.982 2.341
6.60 ................ 4740 0.833 1.055 1.025 2.436
6.75 ................ 4667 0.818 1.093 1.074 2.530
6.90 ................ 4597 0.803 1.130 1.127 2.619
7.05 ................ 4527 0.788 1.163 1.179 2.703
7.20 ................ 4457 0.773 1.194 1.231 2.780
7.35 ................ 4390 0.757 1.220 1.280 2.850
7.50 ................ 4326 0.742 1.244 1.328 2.915
7.65 ................ 4265 0.726 1.265 1.377 2.976
7.80 ................ 4209 0.710 1.284 1.427 3.035
7.95 ................ 4158 0.694 1.301 1.478 3.092
8.10 ................ 4110 0.678 1.317 1.529 3.149
8.25 ................ 4066 0.663 1.332 1.577 3.207
8.40 ................ 4024 0.647 1.345 1.620 3.266
8.55 ................ 3984 0.631 1.356 1.657 3.327
8.70 ................ 3947 0.616 1.366 1.689 3.390
8.85 ................ 3910 0.600 1.375 1.719 3.455
9.00 ................ 3876 0.585 1.383 1.747 3.520
9.15 ................ 3842 0.569 1.390 1.775 3.585
9.30 ................ 3809 0.553 1.396 1.802 3.646
9.45 ................ 3777 0.537 1.402 1.830 3.703
9.60 ................ 3746 0.520 1.407 1.858 3.753
9.75 ................ 3715 0.503 1.413 1.887 3.796
9.90 ................ 3684 0.485 1.418 1.917 3.833
10.05 .............. 3655 0.466 1.423 1.947 3.869
10.20 .............. 3628 0.448 1.427 1.979 3.907
10.35 .............. 3602 0.429 1.432 2.011 3.949
10.50 .............. 3577 0.411 1.436 2.044 3.992
TABLE 1—Continued
MV Teff M=M BV VIC VKs
10.65 .............. 3555 0.393 1.440 2.076 4.037
10.80 .............. 3535 0.376 1.443 2.107 4.082
10.95 .............. 3516 0.359 1.444 2.140 4.131
11.10 .............. 3498 0.342 1.443 2.173 4.186
11.25 .............. 3481 0.325 1.440 2.208 4.244
11.40 .............. 3465 0.308 1.436 2.242 4.305
11.55 .............. 3450 0.292 1.431 2.276 4.364
11.70 .............. 3436 0.277 1.427 2.309 4.422
11.85 .............. 3421 0.261 1.422 2.342 4.479
11.96 .............. 3411 0.250 1.419 2.365 4.520
0 .01 .02
.24
.25
.26
.27
.28
Z
Y
Fig. 1.—Derivation of the helium abundance Y for the Hyades iso-
chrone. The lower dashed line shows the extrapolation from the primordial
helium abundance through models of the Sun that lack diﬀusion to the
Hyades metal abundance ½Fe=H ¼ þ0:13 0:01 (Z ¼ 0:0237); this is the
base case discussed in the paper and shown in Table 1. The upper line shows
the extrapolation through solar models consistent with helioseismology,
which would imply a higher helium abundance in the Hyades. Both initial
values are shown as open circles. The ﬁlled circle shows the helium
abundance for the Hyades found in this paper.
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(Bahcall et al. 2001). Models compatible with helioseismol-
ogy that include both rotational mixing and diﬀusion have
surface abundances ofY;surf ¼ 0:249 0:003 andZ;surf ¼
0:0176, which imply an initial composition of Y ¼ 0:274
and Z ¼ 0:019 0:001 and  ¼ 1:85. Using these values
to extrapolate a model for the Hyades at ZðHyadesÞ=
Z ¼ 1:35, we would derive Y ¼ 0:280 for the Hyades.
These are called the ‘‘ diﬀusion ’’ models; these also follow
the eﬀects of microscopic diﬀusion, even though it does not
produce signiﬁcant eﬀects at the age of the Hyades.
3. PHOTOMETRY, MASSES, AND RADII FOR VB 22
Table 2 summarizes three high-precision distance
estimates to VB 22: from an orbital parallax (Peterson &
Solensky 1988) solution,2 the Hipparcos trigonometric
parallax (Perryman et al. 1998), and the kinematic parallax
(de Bruijne et al. 2001). These are all in excellent agreement.
The basic photometric data for the VB 22 system are sum-
marized in Table 3. The ﬁrst two rows of that table show the
Schiller & Malone (1987) photometry for VB 22 (i.e., both
stars together) in B, V, and (Cousins) IC, along with the
derived luminosity ratio in each ﬁlter, where the errors are
taken from that paper. Following this are the apparent mag-
nitudes in each band for the individual components derived
from the luminosity ratios. Note that the photometric errors
are signiﬁcant for the secondary and will be accounted for in
the discussion below. Finally, we derive the diﬀerence in ab-
solute magnitude between the primary and secondary in
each ﬁlter and also include the absolute magnitudes that
would be obtained from the kinematic parallax (de Bruijne
et al. 2001) of VB 22, again with errors in the individual
components.
In Table 4 we compare the model radii and temperatures
at the masses derived for each component of VB 22 by
Torres & Ribas (2002) to their solution (top ten rows of the
table); we also compare the models to the earlier estimates
from Peterson & Solensky (1988; last six rows). The latter
values were the ones used by Lebreton et al. (2001). In the
comparison with the Torres & Ribas (2002) solution, we
tabulate the properties of the model both with and without
diﬀusion, while we show only the no-diﬀusion case in the
comparison with Peterson & Solensky (1988). The quanti-
ties derived from the model are on the scale where the Sun
has Mbol ¼ 4:746 and the radii and eﬀective temperatures
are obtained from the solar-calibrated helium and mixing
length.
The ﬁrst thing to note is that in all cases the model radii at
the observed masses are considerably diﬀerent from the
radii derived from the analysis of the eclipses by 2.5–4.5
times the formal errors derived from propagating the mass
error. This indicates that there is an inconsistency3 in the
observational determination of mass, radius, and luminos-
ity compared to the model. Since luminosity is determined
by a combination of temperature and radius, we need to
examine these separately to pinpoint the source of this
inconsistency.
To quantify the size of the mismatch in temperature, we
also show in Table 4 the model temperatures at the observed
masses of VB 22A and VB 22B using the mass/radius rela-
tion in the models.We also compare this to the case in which
we take the observed radius as correct, which would imply a
larger temperature for VB 22A, where the observed radius
is smaller than in the model, and a smaller temperature for
VB 22B. Here the required changes in temperature are
considerable, amounting to 150–190 K.
The eﬀect of including diﬀusion is shown in the top part
of the table for the Torres & Ribas (2002) solution. For the
same starting helium abundance the eﬀects of the precise
value of the mixing length are very small for luminosity and
modest even for the eﬀective temperature: the diﬀusion
models would be roughly 35 K hotter than the no-diﬀusion
models for the primary and 13 K hotter for the secondary.
Thus, the inconsistency with the models is not caused by the
treatment of diﬀusion in the solar calibration.
Because the Hyades has been well studied spectroscopi-
cally, there exist independent estimates of the luminosity/
temperature relation. In Figure 2 we show spectroscopically
derived temperatures for a subset of stars in the recent study
of Hyades abundances by Paulson et al. (2003). Stars with
T < 6000 K and good BVICKs photometry are shown as
open circles with error bars. The values of MV are derived
2 This value was apparently misquoted by Lebreton et al. (2001) in their
Table 1 but does not aﬀect their analysis.
TABLE 2
Distances to VB 22
Reference
Distance
Modulus Method
Peterson& Solensky 1988 ...... 3.35 0.02 Orbital parallax
Perryman et al. 1998............... 3.348 0.129 Trigonometric parallax
de Bruijne et al. 2001 .............. 3.372 0.039 Kinematic parallax
TABLE 3
Photometry of VB 22 and Derived Quantities
Quantity Star(s) V B IC
Photometry...................... A+B 8.319 0.009 9.075 0.010 7.486 0.006
LA=ðLA þ LBÞ.................. . . . 0.892 0.006 0.928 0.004 0.823 0.008
Photometry...................... A 8.443 0.011 9.156 0.011 7.697 0.012
B 10.735 0.061 11.932 0.061 9.366 0.050
MðBÞ MðAÞ .............. . . . 2.29 0.06 2.78 0.06 1.67 0.05
M ................................... A 5.07 0.035 5.78 0.035 4.32 0.035
B 7.36 0.069 8.56 0.069 5.99 0.060
3 Since L / R2T4eff , one could match the models to the data using two of
the quantities ðL;R;Teff Þ, but not all three simultaneously. Another indica-
tion that something is the matter is that both stars formally have the same
gravity in the Torres & Ribas (2002) analysis, which contradicts the strong
prediction from theory that the mean density increases with decreasing
mass for main-sequence stars. The models predict log gðVB 22AÞ  log g
ðVB 22BÞ ¼ 0:11.
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from individual kinematic parallaxes (de Bruijne et al.
2001); errors in this quantity are dominated by distance
errors rather than photometric errors. Paulson et al. (2003)
do not list individual temperature errors, so we took 50 K
as a representative value, derived from Paulson et al.’s com-
parison of their temperatures with those in previous studies.
The solid line in the ﬁgure is the Hyades isochrone derived
in this paper. The ﬁlled circles show the temperature of the
isochrone at the Torres & Ribas (2002) masses. The ﬁlled
triangles display the temperatures that would be found for
the components of VB 22 if the measured radii were correct.
The agreement between the isochrone and the spectroscopic
temperatures is excellent, which shows that the luminosity/
radius relationship in the models is nearly correct, at least
under the assumption that all Hyades stars have identical
metallicity. If on the other hand the luminosity/temperature
relation in the models were adjusted to match the radii in
the Torres & Ribas (2002) solution (VB 22A hotter by 200
K, VB 22B cooler), then there would be a diﬀerence of about
0.15 dex between the hottest and coolest stars in the Paulsen
et al. sample (the hotter stars would come out more
metal-rich).
In Figure 3 we compare the isochrones to the Torres &
Ribas (2002) solution inMV , BV, and VIC as a function
of mass. The isochrone is slightly brighter than the data,
which indicates that the distance to VB 22 is underestimated
or, as we discuss in x 4, that the helium abundance we
adopted for the Hyades is too high. The color-temperature
relation in the isochrone diﬀers from the inferred colors
of the binary components, but in this paper we are mainly
concerned with comparing the model luminosities to the
data.
Table 5 summarizes the errors in absolute magnitude,
radius, or eﬀective temperature that are contributed by dif-
ferent eﬀects. To compute the result of the uncertainty in
mass, we assume the Torres & Ribas (2002) error of 0.0062
6000 5500 5000 4500 4000
7
6
5
Effective temperature
M
V
Fig. 2.—Comparison of isochrone and spectroscopic temperature scales
for the Hyades. The solid line is the theoretical isochrone in Table 1, while
the open points with error bars show spectroscopic temperatures from
Paulson et al. (2003), along with absolute visual magnitude computed from
Hyades kinematic parallaxes (de Bruijne et al. 2001). The ﬁlled circles are
for VB 22A and VB 22B at the isochrone temperature andmeasured masses
for each component, while the triangles indicate the temperatures that
would be derived by forcing the models to have the radius indicated by the
Torres &Ribas (2002) solution.
TABLE 4
Physical Data for VB 22 andModels
Quantity VB 22A VB 22B Comment
Torres &Ribas 2002
M=M (observed).............. 1.0591 0.0062 0.7605 0.0062 TR02 solution
R=R (observed)................ 0.900 0.016 0.768 0.010 TR02 solution
R=R (model) .................... 0.962 0.007 0.714 0.007 No diﬀusion
0.955 0.007 0.712 0.007 With diﬀusion
Teff (model)........................ 5680 60 4400 60 No diﬀusion, at listed mass
5870 50 4240 30 No diﬀusion, if observed radius is correct
5780 60 4460 60 With diﬀusion, at listed mass
5950 60 4290 30 With diﬀusion, if TR02 radius is correct
Mbol (model) ...................... 4.90 6.66 No diﬀusion
4.83 6.59 With diﬀusion
Peterson& Solensky 1988
M=M (observed).............. 1.072 0.062 0.769 0.005 PS88 solution
R=R (observed)................ 0.905 0.029 0.773 0.015 PS88 solution
R=R (model) .................... 0.974 0.007 0.714 0.007
Mbol (model) ...................... 4.84 6.61
Teff (model)........................ 5930 50 4290 40 If PS88 radius is correct
5720 60 4400 60 At listedmass
Notes.—PS88 = Peterson & Solensky 1988. TR02 = Torres & Ribas 2002. All the comparisons with PS88
assume no diﬀusion.
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M for each star. The errors from [Fe/H] assume ½Fe=H
¼ 0:05 dex per star, while those listed for the bolometric cor-
rection were computed by taking the largest diﬀerence
between the inferred ﬂuxes for that ﬁlter between three dif-
ferent color calibrations (below) and dividing by 2. We have
also computed errors that would result if the metal abun-
dance were known with vanishingly small errors; these are
shown in the rows labeled ‘‘ no Z.’’ Because the sign of
changes in metallicity is the same for both components, the
errors in their relative ﬂuxes are smaller; we give these values
in the row labeled ‘‘ BA.’’
We compare the absolute magnitudes of the two compo-
nents of VB 22 to the models in Table 6, where we employ
models lacking diﬀusion but with two alternative color cali-
brations, those of Allard & Hauschildt (1995) and Alonso,
Arribas, & Martı´nez-Roger (1996), in addition to the one
employed as our base case (Lejeune et al. 1998). The com-
parison is done at ﬁxed mass. In general, the diﬀerent color
calibrations change the luminosity by only a few hundredths
of a magnitude. We take the scatter in the luminosities indi-
cating the size of errors in the bolometric corrections; these
are shown in Table 5. We show the eﬀects of including diﬀu-
sion or of forcing the temperature scale to match the
observed stellar radii in Table 7. These models are for the
Lejeune et al. (1998) color calibration only.
The agreement between theory and observation is impres-
sive for the no-diﬀusion models and well within the expected
errors for both the absolute luminosities and the relative
luminosities. Overall, the diﬀerent color calibrations agree
best for the V and B bands, while there is more scatter in the
predicted IC-band luminosities. The relative ﬂuxes are very
close to the predicted level for the V and B bands and are
mildly inconsistent with the IC-band ﬂuxes, especially for
VB 22B, where the models are fainter than the data by 0.1
mag or so. This comparison indicates that the problem is
most likely in the IC-band bolometric corrections rather
than in theV-band bolometric corrections.
However, the agreement is not preserved if the eﬀective
temperatures are altered to the values inferred from the
eclipse data. Essentially, choosing a lower eﬀective tempera-
ture for the secondary drives down theV- and B-band ﬂuxes
while slightly increasing the I-band ﬂux. As a result, the rela-
tive ﬂux diﬀerences in the V and B bands become much
larger. This result is insensitive to the metallicity of the
Hyades because decreases in the metallicity aﬀect the lumi-
nosity and eﬀective temperature of both components in the
same sense, while the model radii are insensitive to the met-
allicity. We therefore conclude that the relative ﬂuxes in dif-
ferent bands, the mass-luminosity relationship, and the
radii obtained from the eclipse data are not consistent with
one another. One of the three must be in error. Because of
the insensitivity of the mass-luminosity relationship to
errors in the input physics, we view it as more likely that
there is some unresolved issue in one of the two other ingre-
dients. As in previous analyses of this system, we note that
there is no obvious single change in the input physics that
can reconcile the models with both components simultane-
ously. What we have added is evidence that these radii are
also inconsistent with the ﬂux ratios.
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Fig. 3.—Comparison of the isochrone to data for VB 22. The isochrone
is shown as a solid line, and the values for VB 22A and VB 22B are shown
as points with error bars.
TABLE 5
Error Analysis
StarA StarB
Theoretical Errors V B IC R=R Teff V B IC R=R Teff
(mass) ....................... 0.03 0.03 0.04 0.006 18 0.06 0.07 0.04 0.006 27
([Fe/H]) .................... 0.06 0.08 0.04 0.003 58 0.09 0.12 0.06 0.003 56
(BC).......................... 0.02 0.03 0.03 . . . . . . 0.03 0.01 0.04 . . . . . .
(total)........................ 0.07 0.09 0.06 0.007 61 0.11 0.14 0.08 0.007 62
(total) (no Z) ............. 0.04 0.04 0.05 0.006 18 0.07 0.07 0.06 0.007 62
(total) (BA)........... 0.08 0.09 0.08 . . . . . . . . . . . . . . . . . . . . .
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4. THE HELIUM ABUNDANCE OF THE HYADES
Because the luminosity of stellar models at ﬁxed mass is
very sensitive to the helium abundance (@Mbol=@Y ¼ 10),
we can formally derive an initial helium abundance for the
Hyades: using the de Bruijne et al. (2001) distance to VB 22,
we ﬁnd Y ¼ 0:271 0:006 for the no-diﬀusion models. The
models including diﬀusion are brighter than those without,
indicating that the initial choice of Y ¼ 0:280 was too high
at the assumed distance. Correcting those models brings the
estimated helium abundance down to Y ¼ 0:271, showing
that the derived helium abundance is nearly independent of
the details of the solar calibration.
If we adopt a primordial helium abundance of 0.245, the
Hyades would give a slope DY=DZ ¼ 1:11 0:25, smaller
than the values of 1.5 and 1.2 obtained from solar models
with and without diﬀusion, respectively. If the more realistic
initial solar helium abundance (including diﬀusion) and the
Hyades helium abundance are taken at face value, they sug-
gest a scatter in helium at ﬁxed metal abundance of order
0.009; however, this range is only marginally signiﬁcant. If
we take this as a 1  error range, it would imply only a small
resulting error in a cluster distance modulus at ﬁxed [Fe/H]
of order 0.027 mag.
The Hyades helium abundance we derive is equal within
the errors to the solar value Y ¼ 0:273 in models excluding
diﬀusion. The solar models with diﬀusion would predict a
higher helium abundance of 0.280, which is not favored by
the data; however, it is only of order 2  from the measure-
ment. Isochrones are less sensitive to changes in helium than
models of a given mass, with a change of 0.01 in helium
causing a change inMV at ﬁxed Teff of 0.03. We can include
this in our next paper in the error budget for the absolute
distances.
This value is higher than that obtained by Lebreton et al.
(2001), who found Y ¼ 0:255 0:009. There are two
reasons for this diﬀerence: First, we adopted the revised
masses of Torres & Ribas (2002); these yield predicted
TABLE 6
Effect of Color Calibration on No-Diffusion Model
Color Calibration Difference (ModelData)
Quantity A&Ha AAMb LCBc Data A&Ha AAMb LCBc
VB 22A
MV ....................... 5.02 5.05 5.03 5.07 0.04 0.05 0.02 0.04
MB ........................ 5.73 5.71 5.71 5.78 0.04 0.05 0.07 0.02
MI ........................ 4.29 4.36 4.30 4.32 0.04 0.03 +0.04 0.02
BV...................... 0.71 0.66 0.68 0.71 0.06 . . . . . . . . .
VI....................... 0.73 0.69 0.73 0.75 0.06 . . . . . . . . .
VB 22B
MV ....................... 7.37 7.38 7.34 7.36 0.07 +0.01 +0.02 0.02
MB ........................ 8.53 8.52 8.53 8.56 0.07 0.03 0.04 0.03
MI ........................ 6.09 6.15 6.10 5.99 0.06 +0.10 +0.16 +0.11
BV...................... 1.20 1.14 1.19 1.20 0.07 . . . . . . . . .
VI....................... 1.37 1.23 1.24 1.37 0.07 . . . . . . . . .
a Allard &Hauschildt 1995.
b Alonso et al. 1996.
c Lejeune et al. 1998.
TABLE 7
Alternative Models
AlternativeModela Difference (ModelData)
Quantity Diﬀusion Force Radius Diﬀusion Force Radius
VB 22A
MV ....................... 5.00 4.97 0.07 0.10
MB ........................ 5.65 5.62 0.13 0.16
MI ........................ 4.34 4.28 +0.02 0.04
BV...................... 0.65 0.65 . . . . . .
VI....................... 0.66 0.69 . . . . . .
VB 22B
MV ....................... 7.48 7.31 +0.12 0.05
MB ........................ 8.73 8.47 0.17 0.09
MI ........................ 6.14 5.92 +0.22 +0.15
BV...................... 1.25 1.16 . . . . . .
VI....................... 1.34 1.39 . . . . . .
a Lejeune et al. 1998 color calibration.
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luminosities that are 0.08–0.09 mag fainter than found by
Peterson & Solensky (1988), resulting in a higher helium
abundance. Second, our models employ a number of ingre-
dients not used by Lebreton et al.; as they note, using the
OPAL equation of state, Kurucz model atmospheres rather
than a gray atmosphere, and a higher mixing length all
increase the inferred value ofY.
The mixture of heavy elements can also have an impact
on the properties of the models. There have been two rela-
tively recent revisions of the Grevesse & Noels (1993) abun-
dance scale for the Sun that has been used in this paper.
Grevesse & Sauval (1998) have reduced the CNO abundan-
ces, while Asplund (2000) has proposed a downward revi-
sion of 9.2% in the zero point between the meteoritic and
photospheric abundance scales. This would not alter those
abundances not tied to the meteoritic scale (C, N, O, Ne,
etc.) but would aﬀect important interior opacity sources
such as Si and Fe. Helioseismic tests (Bahcall et al. 2001)
indicate that the Grevesse & Sauval (1998) mixture margin-
ally degrades the agreement with the measured solar con-
vection zone depth, but by a degree that is consistent with
other known theoretical uncertainties. The solar helium
abundance is insensitive to the CNO abundances. The
Asplund (2000) mixture has a small impact on the solar
sound speed, but the lower iron abundance results in a lower
solar helium abundance. This is in disagreement with the
measured surface abundance of helium at the 2–3  level;
Bahcall et al. (2001) were not able to rule this out because
the degree of disagreement is sensitive to systematic errors
in the helium abundance determination arising from the
equation of state.
We have veriﬁed that adopting the Grevesse & Sauval
(1998) mixture instead of the Grevesse & Noels (1993) mix-
ture produces only small changes in the isochrones (or even
in the more sensitive tests possible in VB 22). The Asplund
(2000) mixture would imply a Hyades helium abundance
(including diﬀusion) that is comparable to the Grevesse &
Noels (1993) or Grevesse & Sauval (1998) helium abun-
dance inferred in the absence of diﬀusion. We have also
explored the eﬀects of including small deviations from the
solar mix in the Hyades as measured by Paulson et al. (2003)
and found that the impact would be of the same order as the
diﬀerence between the choice of the solar element mix.
5. SUMMARY AND REMARKS
In this paper we have begun a new analysis of open cluster
distances by performing stringent tests of the luminosity/
temperature relation for new isochrones with updated
physics. We have explored the eﬀect of varying many details
of the models, including the abundance mix of helium and
metals, and concluded that the models match the relative
temperatures and luminosities of the components of the
binary VB 22 in the Hyades. Along the way, we have derived
a helium abundance that is not much diﬀerent from that in
the Sun, even though the Hyades is more metal-rich.
The resulting helium abundance is almost insensitive to
the details of the solar calibration used to generate the iso-
chrone. Models using a solar calibration consistent with
helioseismology predict a high value of Y for the Hyades;
the resulting isochrone, however, is too bright at ﬁxed mass,
which leads to the conclusion that the Hyades helium abun-
dance is not much diﬀerent from the Sun’s initial value of
Y ¼ 0:272. This may imply a scatter in the helium abun-
dance of about Y ¼ 0:01 at ﬁxed metallicity in the solar
neighborhood. While this would produce a real eﬀect on the
luminosity of the isochrones at ﬁxed mass, we have argued
that the eﬀect on the isochrones at ﬁxed color would be
much smaller and would not produce big errors in the
distance estimates derived frommain-sequence ﬁtting.
The principal result of this paper is our demonstration
that there is an inconsistency between the solar models and
the binary data in mass, luminosity, temperature, and
radius. External checks on the abundance and temperature
scales from recent high-precision abundances in the Hyades
(Paulson et al. 2003) indicate that the problem lies with the
observational determination of the radii. We conclude from
this that we can adjust the isochrones to match the Hyades
photometry by leaving the stellar luminosity and tempera-
tures as they are and computing corrections to the color/
temperature relations; this is the subject of our next paper.
The comparison between the model colors and absolute
magnitude and the data for VB 22 may be complicated by
the presence of spots on the stellar surfaces. In the Pleiades,
stars with the luminosities of VB 22B fall up to 0.5 mag
below the main sequence in V and BV as deﬁned by the
Hyades (van Leeuwen et al. 1987; Stauﬀer et al. 2003); the
diﬀerence is negligible when V and VI are used. Stauﬀer
et al. (2003) attribute this to the presence of hot and cool
regions on the surfaces of the rapidly rotating Pleiades stars
as compared with their slowly rotating counterparts in the
Hyades. The orbital period of VB 22 is 5.6 days (Schiller &
Malone 1987). If both members of VB 22 were corotating,
this would correspond to equatorial rotation speeds of only
8 km s1 for VB 22A and 6 km s1 for VB 22B (the binaries
are well detached). These values are not much diﬀerent from
the average v sin i for Hyades stars of similar colors in
Paulson et al. (2003) and considerably slower than the pro-
jected rotation speed (v sin i) for the Pleiades stars with the
most anomalous BV color. The VB 22 system, however,
has exhibited ﬂares and color variations outside eclipses, so
active regions may indeed be important at some level
(Schiller &Malone 1987).
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